Triple-point wetting is a well-known phenomenon of simple adsorbates on solid substrates, which involves, in the liquid phase above the triple-point temperature, T 3 , complete wetting with the formation of arbitrary thick films being observed, whereas below T 3 only a few monolayers of the solid phase are adsorbed at saturated vapour pressure. This effect is usually ascribed to the substrate-induced strain in the solid film, which occurs due to the lattice mismatch and the strong van der Waals pressure in the first few monolayers. Molecular hydrogen is a suitable system in which to investigate this phenomenon, in particular by tailoring the adsorbate-substrate interaction by means of thin preplating layers of other adsorbates, and by introducing disorder into the system by using not only the pure systems H 2 and D 2 , but also mixtures thereof. The experiments show that triple-point wetting is a rather dominant effect which, in contrast to expectations, persists even if the system parameters are widely varied. This indicates that the present understanding of this effect is incomplete. We present an investigation of the influence of the roughness of the substrate which is expected to be responsible for the dewetting of the solid phase.
Introduction
Wetting and dewetting of physisorbed films have been studied extensively both theoretically [1] [2] [3] [4] [5] and experimentally [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . A number of reviews on this subject, like those by Dietrich [6] and Schick [7] , exist. There are two ways in which multilayer films can grow on an attractive substrate. In the first, the thickness of the film increases with increasing pressure, and diverges as the vapour pressure approaches the saturated value (complete wetting). In the second, the thickness of the film remains finite at bulk coexistence (incomplete-partial wetting). For a given adsorbate and substrate combination a transition may occur from incomplete to complete wetting as a function of temperature [2] .
Triple-point wetting is described as a transition from an incomplete wetting solid film to a complete wetting liquid film at its triple point, T 3 [14] . In the early theories lattice mismatch between the film and the substrate was considered to be responsible for the finite thickness of the solid film [4, 5] .
The majority of measurements have been devoted to adsorption isotherms of rare gases on graphite [8] [9] [10] , Ag [11] , MgO [12] , CO 2 [13] , and Au [14, 15] , which were mostly in the thickness range of one to ten monolayers. Multilayer H 2 films have been studied on graphite substrates via volumetric adsorption isotherms [16] and ellipsometry [17] or on Ag via a quartz crystal microbalance [18] . Intensive investigations of H 2 on Au and preplated Au substrates have been the subject of a series of experiments [19] [20] [21] in which the surface plasmon spectroscopy technique was used. Films of H 2 -D 2 mixtures [22, 23] and thick quench-condensed films [24] [25] [26] [27] have been investigated via these methods. A few measurements [28, 29] have also been performed on the surface of Si. There are hints that strain in the solid films, induced by surface roughness, is important for T 3 dewetting, in addition to the lattice mismatch effects mentioned above.
Thick solid films of H 2 isotopes have subtle fundamental applications and it is therefore also important from this practical point of view to understand the incomplete wetting of these films below T 3 . Solid H 2 films can be used as a substrate [30] [31] [32] to hold electrons at a distance above them. Preparation of thick solid T 2 films plays a decisive role in experiments designed to measure the neutrino rest mass [33] [34] [35] and solid D 2 films in nuclear fusion [36, 37] . Moreover, H 2 films, which due to their light molecular mass have a quantum nature, offer another system for studying relationships which may exist between the quantum nature of a system and its wetting properties. For example, H 2 superfluidity on relatively thick solid layers of H 2 has been predicted [38, 39] .
The outline of this paper is as follows. In section 2 we briefly give some theoretical background and recent advances which are related to this work. The experimental methods used for the measurements are explained in section 3. Achievements and results are presented and discussed in section 4.
Theoretical background
In contrast to chemisorption, where chemical bounds are formed upon adsorption, physisorption involves formation of one or more layers of an adsorbate on a surface attracted by the substrate potential. Since typical potential depths range from a few kelvins to a few 100 K [40] , depending on the system, physisorption can be initiated by sufficiently lowering the temperature such that the thermal excitations become small compared to the potential depth of the substrate. In general, the interaction potential between two atoms or molecules at a distance from each other is described by the Lennard-Jones (LJ) potential [41] .
In the case of an atom (or molecule) a distance z away from a surface the proper interaction potential, φ(z), can be obtained by summing over all pairwise LJ-based interactions of the single adsorbate with the substrate atoms filling the half-space. The calculation [42] gives
where C 3 and D are the van der Waals (vdW) coefficient and the potential depth, respectively. At large distances the attractive part of this potential becomes dominant. This term has a z −3
dependence, and so a weak long range interaction. This potential explains the wetting of liquid adsorbates on solid substrates correctly. When studying the wetting of solid adsorbates on solid substrates the effect of the substrate on wetting becomes more crucial, since in this case the structural mismatch between the Comparison between the result of the former theory [5] and those of [43] , for four different scales of roughness. The thickness of the solid film, l, increases as roughness vanishes. The parameters h and L are typical scales for the substrate roughness as explained in figure 2 ; R is the relative substrate strength.
substrate and the adsorbate causes so-called strain-induced forces in the adsorbed film. In this respect, the theory given by Gittes and Schick (GS) [5] has initially addressed the case of solid noble gases on graphite. This has recently been elaborated on and adapted for other practical substrates by Esztermann et al [43] . Since these theories are of crucial importance to the measurements reported in this paper, we briefly point out their principles and predictions. The equilibrium thickness is calculated by minimizing the total excess free energy (l s , l l ) with respect to l s and l l , the solid and liquid thicknesses of the adsorbate, respectively. By definition, = /A, where is the excess grand canonical free energy relative to a non-wetting situation and A is the surface area.
The total excess free energy may be split into three different terms:
where thrm results from thermodynamics. GS , calculated by GS, is caused by the lateral induced strain in the solid adsorbate. EL , considered as an additional term by [43] , accounts for the free energy cost, caused by substrate roughness. In figure 1 , the results from both theories are shown. Plotted is the equilibrium thickness of the adsorbate versus the relative substrate strength R. The solid curves are the result of GS, i.e., the first two terms in equation (2) . The dashed curves are the results from [43] , taking a finite substrate roughness into account.
The experimental results display serious deviations from the prediction of GS. For example, as will be shown in section 4, a solid H 2 film always dewets a gold substrate below its T 3 , and the thickness of the H 2 film becomes of the order of a few molecular layers. According to the GS theory a considerable film thickness of around 100 Å (essentially complete wetting) should be achievable for H 2 on Au (at R ≈ 4.5); see figure 1. One possible reason for the discrepancy could be that the GS theory ignores substrate roughness which is a general property of real surfaces. This, as a result, causes an additional bending of the adsorbed solid film, considered by the new theory in [43] . Depending on the finite roughness of the substrate, the wetting of a solid adsorbate is suppressed, and the solid adsorbed film becomes thinner as the roughness scale increases. For typical substrates, the surface modulation varies on a characteristic lateral length scale L which is much larger than the vertical valley to peak distance h, i.e., L h (see figure 2 ). A schematic drawing of a roughness profile of a typical substrate. Here h is the average height of the hills and L the horizontal correlation length. The ratio of h/L can be interpreted as a crude measure of the roughness (see [43] for the exact definition). The drawing is not to scale.
Experimental procedure
In our measurements, we used two well-known techniques for determining the film thickness, namely surface plasmon spectroscopy (SPS) and ellipsometry. SPS has been applied for measuring film thicknesses on the surface of Au [23] , while ellipsometry has been used for measurements on the surface of Si [28] . The substrate was mounted vertically inside a copper cell. The adsorbate was condensed into the cell through two small capillaries which were fed into the cell from the top. The capillaries, which also served as evacuation lines of the cell, were then blocked after completion of the adsorption. The optical access to the surface was through optical windows symmetrically placed in a fourfold geometry. The experimental cell was mounted into a 4 He cryostat.
Surface plasmon spectroscopy
Surface plasmon spectroscopy is done by using P-polarized laser light on Au substrates. The light beam is resonantly coupled into surface plasmons at a certain incidence angle [44, 45] and focused on a photodiode placed outside of the cryostat. When a hydrogen film is adsorbed this causes a resonance detuning. Measuring the shift of the resonance angle allows us to determine the average thickness of the film adsorbed on the surface. Figure 3 illustrates schematically the SPS set-up. Using this method, thicknesses of less than a monolayer up to a few hundred nanometres can be resolved.
Ellipsometry and laser annealing
For measurements on Si, a standard null-ellipsometry set-up was built up. This worked on the basis of the minimization of the reflected intensity upon reflection from the surface [46] . In figure 4 a schematic drawing of the ellipsometry set-up is shown. The ellipsometer is in a usual PCSA configuration, where P, C, S, and A stand for polarizer, quarter-wave plate, sample, and analyser (see also the figure caption). In a conventional null ellipsometer, the minimum (null) intensity, detected by a photodetector, can be obtained by properly setting A and P. Then, during adsorption the continuous rotational adjustment of A and P allows one to stay always at the minimum. By using this configuration one can extract the angles and from the rotation A and P angle values [47] , from which the thickness of the films can be determined. We adopt the two linear approximation relations from Archer [48] for calculating the coverage. We note that this approximation holds as long as the film thicknesses do not exceed 100 Å. In experiments presented here, the overall thickness is always well below this value.
In addition to the ellipsometer set-up, another cw laser was used with which the local desorption-adsorption of the film could be manipulated (see figure 4) . The reasons for this are discussed in section 4. Since studying the effect of surface roughness on the wetting behaviour of adsorbates has been the goal of this work, in situ cleaning and annealing of Si have also been done and the details are discussed in section 4.2.4. The annealing set-up is shown in figure 4 , together with the ellipsometry set-up (see [49, 50] for detailed information on laser annealing). 
Results and discussion
In all the experimental runs presented here, first an adsorption isotherm was taken at a temperature well above the triple temperature of the respective adsorbate, as in earlier experiments [21] [22] [23] 28] . A sufficient amount of gas was condensed into the system that gas-liquid coexistence was reached, and bulk liquid formed at the bottom of the sample cell.
(We should note that the films investigated were not exactly at coexistence, because the position of the optical measurement was located a few mm above the bulk surface, and furthermore the temperature of the film was slightly higher than the cell temperature due to unavoidable heating by the probe laser beam. This effect is not relevant, however, for relatively thin films below about 50 Å, which are the focus of this paper.) After taking the adsorption isotherm the cell was slowly cooled to temperatures well below T 3 , with the amount of material in the cell being kept fixed, so the adsorbed film always had a thickness close to the equilibrium value at coexistence.
Adsorption isotherms above T 3
The results presented in this section are for the adsorption of H 2 and D 2 on the surface of a 45 nm thick Au layer evaporated onto a glass substrate (see figure 3) . The data were taken using the SPS technique. Figure 5 shows the film thickness plotted as a function of the reduced pressure P/P 0 , where P 0 is the saturated vapour pressure at the corresponding temperature. As the pressure is increased, the thickness first grows rapidly, then reaches an intermediate region of moderate growth, until eventually, close to P 0 , it starts to diverge. This behaviour is qualitatively accounted for by the Frenkel-Halsey-Hill (FHH) theory [51] [52] [53] , which predicts a logarithmic relationship between the film thickness d and the ambient pressure, given by αd −3 = k B T ln (P 0 /P). Here, α and k B are the Hamaker and Boltzmann constants, respectively. As shown by Vorberg et al [54] , deviations in the adsorption isotherm from the FHH prediction which are observed in the intermediate region can be explained by a contribution of thermally excited capillary waves [55] . The slight difference in the film Figure 6 . The temperature dependence of the film thickness of H 2 adsorbed on Au. In the inset, the same data are plotted on a logarithmic scale. Here t is the reduced temperature, defined as
thickness of H 2 and D 2 in the intermediate region of figure 5 might also be due to thermal excitations, but more quantitative studies are necessary to draw final conclusions.
Wetting behaviour below T 3
4.2.1. H 2 and D 2 on Au. The main goal of this work was to investigate the adsorbed films close to coexistence in the temperature range below T 3 , where the bulk material is solid. Typical heating/cooling cycles for H 2 and D 2 on a gold substrate are shown in figures 6 and 7, respectively. The rate of the temperature change was controlled as typically 20 mK min −1 , which ensured conditions close to thermodynamic equilibrium. The behaviours observed for the two adsorbate materials are quite similar: whereas above T 3 the adsorbed film is rather thick with an essentially constant value of d, the thickness drops steeply upon cooling below T 3 , and at low T eventually levels off at a value around 10 Å, corresponding to about three molecular monolayers. Only a slight hysteresis between cooling and warming is seen, which confirms that the data were taken close to equilibrium. This triple-point wetting behaviour has been observed to be universal for almost all van der Waals adsorbates, in particular the noble gases [11] [12] [13] . It can be explained by assuming that only a few layers of the film are solid (which determine the thickness at T T 3 ). The increase in thickness close to the triple point is ascribed to a liquid layer on top of the solid, which grows quickly as the liquid-gas coexistence vapour pressure is approached at T 3 . On this basis, one expects the temperature dependence of the film thickness close to T 3 
to follow a relation d(T ) ∝ [(T 3 − T )/T 3 ]
−β , with β = 1/3 [20] . The insets in figures 6 and 7, where the data are plotted on a logarithmic scale, show that the data do indeed follow a power law over a considerable temperature range, and that the exponent is in reasonable agreement with the prediction: in the case of D 2 the fit yields β = −0.30 ± 0.003 and 0.29 ± 0.003 for warming and cooling, respectively, and in the case of H 2 the corresponding values are β = −0.26 ± 0.005 and −0.27 ± 0.008. At this point the comparison between the measured solid thickness at T T 3 and the prediction of theory appears adequate: for H 2 on Au the value of the reduced substrate strength is R = 4.5 [43] . As seen from figure 1, for this value of R the solid film should be thicker than 100 Å, corresponding to 30 monolayers, if we assume a smooth substrate as in the GS theory [5] . From the fact that experimentally only a solid layer of about three monolayers is observed, we conclude that the substrate roughness plays an essential role here [43] (see the dotted curve in figure 1 ). Thus evaporated gold films, although optically smooth, appear rough on the atomic scale which is relevant for the wetting behaviour. This aspect is further investigated below for Si substrates, which are considerably smoother than our gold films (see section 4.2.3).
Preplating and mixtures.
'Preplating' means depositing a few monolayers of another adsorbate in advance, before the adsorption of the main adsorbate under investigation. By doing this, the interaction between the substrate and the adsorbate can be tailored, and by choosing a proper preplating material an effective substrate strength R eff which is smaller than the R without preplating may be achieved. This could lead to wetting of the solid, and is indeed another aspect of the GS theory, which predicts a different solid thickness depending on the kind of preplating adsorbate [5] .
For H 2 on Au, preplatings with Ar, Ne, and CH 4 have been done already, some time ago [21] . Similar experiments followed for D 2 on Al and graphite (HOPG) with Ar, Ne, CH 4 , and C 2 H 6 [26] . Although in some cases a slight increase of the solid thickness was achieved, the overall effect of dewetting by the solid film continued to exist [21] . We have also studied the effect of Ar and CH 4 preplated Au on the H 2 wetting. Our results agree with previous experiments. In addition, we used D 2 as a preplating material, and investigated the H 2 -D 2 mixed systems. This was done by taking adsorption isotherms of D 2 above its T 3 . Then, the temperature was lowered and stabilized at some temperature near, but still well above, the T 3 of H 2 . At this point a thin solid layer of D 2 has formed on the surface of Au. The adsorption of H 2 on top of the existing D 2 film until saturation was reached followed before temperature scans below the T 3 of H 2 were carried out. The temperature was then increased and stabilized at about 30 K, a temperature far above T 3 of D 2 . A H 2 -D 2 mixture with certain species concentration was prepared and the whole system was kept at this temperature for hours. This was done to obtain a homogeneous mixture. The speed at which the temperature was changed was again about 20 mK min −1 . The results of these experiments are presented in figure 8 (see [22, 23] for detailed discussions). It was found that an effective triple point T (eff) 3 can be defined for a mixed system which falls always between the T 3 of H 2 and D 2 , depending on the concentration of the species. Additionally, no significant change in the thickness of the solid layer is observed.
As a consequence of these preplating and mixture experiments we conclude that the dewetting below T 3 is a rather robust phenomenon which for the substrates discussed so far hardly depends on subtleties such as details of the interaction strength. This suggests that a more general aspect dominates here. We show in the next section that the key to the problem appears to be the substrate roughness, as already indicated above.
Wetting on Si.
We now discuss the results for the wetting of Si substrates, which are very smooth and can, in addition, conveniently be cleaned by laser annealing. The typical rms roughness of an Au substrate is measured to be about 1.3 nm; for commercial Si wafer surfaces it is ∼0.15 nm [28] , one order of magnitude smoother. The van der Waals interactions for H 2 on Au and Si are nearly the same [40, [56] [57] [58] . Using the calculations of Vidali and Cole [56] we get 8739 and 6276 K Å 3 for H 2 /Au and H 2 /Si, respectively, with estimated uncertainties of about 20% arising from the applied approximations. Considering the fact that the film thickness is proportional to the cubic root of the vdW coefficient, Si and Au should essentially behave similarly with respect to substrate strength. It is therefore likely that-should differences in the wetting behaviour of our Au and Si surfaces be observed-they can be ascribed to the different surface topography. Figure 9 . A real time snapshot of the change of the ellipsometer angle δ (and hence the film thickness) of a saturated liquid H 2 film on Si upon laser heating is shown. The temperature is about 14 K, slightly above T 3 for H 2 . The thickness decreases (as δ decreases) as the heating laser is switched on, and comes back to the original value before heating when the heating laser is turned off.
The measurements on Si were done by means of ellipsometry as described in section 3.2. The ellipsometer is very sensitive to polarization effects, such as strain-induced birefringence in the quartz windows, and, as a result, the position of the minimum may shift upon temperature ramping. In order to reduce such effects due to drift, we applied in this case a differential method: in addition to the ellipsometer probe laser (power 100 µW) a heating laser (10 mW) was focused onto the probe spot, which was periodically switched on and off at a frequency of 3 mHz (see figure 9 ). In the 'on' state the intensity of the heating laser was sufficient to desorb the major part of the adsorbed film (apart from three monolayers which appeared to be more strongly bound). In the 'off' state the film quickly recovered to its initial thickness without a heating laser, as shown in figure 9 . The difference between 'on' and 'off' thus provides information about the film thickness (apart from the remaining strongly bound layer) free of drift effects. The data in figures 10-12 were obtained with this method. Figure 10 shows results for H 2 on Si determined in this way. The thickness saturates below 13 K at a value of 0.32 in units normalized to the thickness above T 3 (which is 55 ± 5 Å), corresponding to 17.5 Å. Compared to the value on rough Au (d ≈ 10 Å) the thickness is thus significantly increased. This effect is also illustrated in figure 11 , which shows the film thickness on Si on a logarithmic scale, like in the inset of figure 6. Again a power law is observed with a value of β = 0.31 ± 0.02 in this case, but in contrast to the case for figure 6 the data display a clear deviation from this law for log (t) > −1.60, where the thickness starts to saturate. We interpret this saturation at low temperatures as evidence for the solid H 2 forming a distinctly thicker film on the smooth Si substrate.
Similar measurements were done for D 2 on Si, and the data, shown in figure 12, corroborate the results for H 2 .
Laser cleaning and annealing.
Here we discuss our first results obtained from measurements on in situ cleaned and annealed Si substrates. The idea of the laser cleaning is to remove unwanted contaminations (e.g. water) from the Si surface, which adsorb while mounting the substrate into the cell at room temperature and ambient atmosphere or during cooling down the cell (we do not have UHV conditions). For the cleaning procedure, we focus the light of a powerful laser diode (200 mW) on the same area of the substrate where the ellipsometry beam hits the surface. This is done at the beginning of the experiment, and the laser light is continuously left on while cooling the cell from room temperature down to the working temperature. In this way we can keep the temperature of the substrate about 30 K above the ambient temperature in the cell. The colder cell walls thus act as a trap for any desorbed material from the Si substrate, and moreover prevent contamination of the sample surface during cooling down. We found from other experiments that most of the usual contaminations of a cooled substrate surface can be considerably reduced by this procedure [59] .
After reaching low temperature (14.2 K), the cell was kept for several hours under these conditions. Then the cleaning laser was switched off, and after establishing thermal equilibrium between cell and substrate, an adsorption isotherm of H 2 was performed. In the next step the cell was slowly cooled and warmed between 9 and 14.2 K. The observed T 3 wetting behaviour and solid H 2 film thickness determined, however, were about the same as measured for uncleaned Si substrates ( figure 10 ). This shows that standard contaminations of the Si surface have no crucial influence on the wetting behaviour.
In the next step, after the second cooling, the temperature was fixed at 9 K, and the laser annealing procedure, using the ruby laser set-up shown in figure 4 , was performed. Upon annealing the Si substrate, the H 2 film thickness increased by about two monolayers. Then we varied the temperature between 3.5 and 14 K. The overall thickness in this temperature range, where only the solid film is present, remained indeed somewhat larger. Yet the typical T 3 wetting behaviour was observed, i.e., incomplete wetting of the solid hydrogen film. At the end of the experiment the surface quality of the Si was analysed by SEM. No sign of laser-induced damage were seen on the area where the measurements were done.
Although we observed only a small increase in the thickness of the solid film this result is promising and in qualitative agreement with the calculations of Esztermann et al [43] . Clearly more experiments are needed to check the influence of surface roughness on the growth of a solid hydrogen film and to compare more quantitatively with the theory. For that it is not only necessary to manipulate the surface of the substrate, but also to characterize this surface on the atomic scale. Therefore we have built a new set-up which allows both measurements of the film thickness, manipulation of the surface of the substrate, and in situ characterization via a low temperature scanning tunnelling microscope [59] .
Summary and conclusions
An early theory [5] predicts that the induced strain from the substrate underneath an adsorbed solid film, e.g. due to lattice mismatch between substrate and film, is responsible for incomplete wetting of this film. This effect of dewetting can be amplified by the roughness of the substrate, as predicted by a recent theory [43] . Motivated by these ideas we investigated the effect of T 3 wetting of molecular H 2 isotopes and checked the influence of the roughness of the substrate. For that we used different substrates, namely thermally evaporated gold films on glass and on bare Si wafers. The latter provide a much smoother surface. In addition we tried to manipulate the surface of the Si (by laser cleaning and annealing) in situ in order to vary the roughness properties. As a third parameter we tuned the interaction strength between adsorbate and substrate by preplating with different noble gases. We also used D 2 as preplating material and, in this context, investigated the mixing properties and the dewetting of the solid phase of this binary system (by the two hydrogen isotopes).
It turned out that for all variations that we have considered for the substrates the usual dewetting of the solid phase below T 3 was observed. However, small differences in the adsorbed solid film thickness could be detected. Comparing the hydrogen thickness on Au and Si showed at T T 3 an increase from about three to five solid layers of hydrogen. Additional laser cleaning of the Si surface did not result in any difference; however, a further increase of about two layers of solid hydrogen was measured on an annealed Si surface. These changes were less than expected. Still, they are very promising for the goal of achieving complete wetting of solid hydrogen films, and they are, at least qualitatively, in agreement with the recent calculations [43] . Further investigations on modifying the substrate properties (i.e., decreasing the surface roughness) are on the way, together with simultaneous (i.e., in situ) characterization of the substrates used and modified on the necessary nanometre scale.
